A new synthesis route for colloidal GdF 3 nanocrystals was proposed via a thermolysis of trifluoroacetate salts. Its novelty arises from the application of a commercially available rice oil (being a mixture of natural triglycerides) as the synthesis solvent. Rice oil decomposes at B254 1C into glycerol and three fatty acids, being a green source of capping ligands. Rapid nucleation with a low concentration of ligands results in monodisperse nanocrystals, while delayed ligand activation results in well-stabilized nanocrystals in the final stage of the synthesis. The nanocrystals show a synthesis time and temperature dependent size (3-11 nm) and shape (spherical and rhombic). We determined a size range (5.6-9.4 nm) in which the nanocrystals show double morphology (spherical and rhombic), while smaller and bigger NCs exist only in a spherical or a rhombic form, respectively. Detailed analysis of the nanocrystal morphology was followed by spectroscopic investigations of their optical properties. We determined a significant influence of a residual oxygen atom and a high surface to volume ratio on the excitation and emission of Eu 3+ ions. The contribution of the oxygen diminishes at high temperature and/or with prolonged synthesis.
Introduction
Considerable interest has been focused on rare earth doped nanocrystals (NCs) due to their interesting optical properties (arising from their 4f electron configuration) and great possibilities for applications ranging from optical and photonic materials for the development of displays, lasers, and lighting devices, to diagnostic tools in biomedicine, especially in the field of optical imaging. 1, 2 In comparison with organic dyes and semiconductor quantum dots, rare earth doped NCs show superior chemical and optical properties, like sharp emission peaks in the VIS and NIR ranges, large Stokes shifts, long fluorescence lifetimes, and a high resistance to photobleaching. 3 In addition, their composition-tunable emission, caused by ion-ion interactions, [4] [5] [6] allows for filter free multicolor labeling, which makes possible e.g. simultaneous observation of different cell components. An important category of Ln activated materials is lanthanide fluorides (LnF 3 ) which were recognized as highly efficient hosts for luminescent ions, due to their large energy gap (B9.7 eV) and low phonon frequency (B350 cm À1 ). 7 Moreover, the high ionicity of the rare earth to fluoride results in restricted electron-phonon coupling and a low probability of excited state nonradiative quenching. [8] [9] [10] Among lanthanide fluorides, the GdF 3 matrix exhibits a significant advantage when used as a host matrix. This arises from the 4f 7 electronic configuration, resulting in paramagnetic properties of Gd 3+ and its popular application as a contrast agent in magnetic resonance imaging (MRI). 11 Recently, Dong et al. showed that the highest r 1 relaxivity per Gd 3+ ion (2.33 mM À1 s À1 ) was measured for NCs capped by a thin NaGdF 4 shell (ca. 0.6 nm thick) and the extra Gd 3+ containing shell does not contribute to the relaxivity. 12 Earlier studies by Park et al. on Gd 2 O 3 NCs showed that an NC diameter of 1.0-2.5 nm is optimal for the maximal r 1 relaxation. 13 In both cases the enhancement of the longitudinal relaxation of the water proton was related to a cooperative induction by the surface Gd 3+ ions. This suggests that an enhancement of the proton relaxivity per nanoparticle increases with the surface to volume (S/V) ratio. 14, 15 Thus, among various morphologies plate-like shape NCs, where the thickness of particles is of the order of a few unit cells and the S/V ratio is high, seem to be a promising candidate for MRI markers providing a high contrast at low marker concentrations. Several synthetic methods have been used for the preparation of LnF 3 nanoparticles. However, the development of the synthesis of LnF 3 NCs is mainly focused on new precursors, adjusted synthesis parameters and the incorporation of various lanthanides. 16 In most of the reports, regardless of whether and surface ligands. 17, 18 Other authors reported trioctylphosphine oxide (TOPO) in NC synthesis. 19, 20 However, TOPO and other organic capping agents have been shown to enhance the toxicity of nanoparticles for in vivo applications. [21] [22] [23] Environmental protection extorts to search for a green source of solvents and capping ligands to minimize the harmful impact of nanocrystal synthesis and its applications in the environment. Natural oils are an alternative to air-sensitive, toxic and expensive chemicals such as phosphines, thiols and amines. To our knowledge, only a few authors have proposed a synthesis in environmentally friendly olive oil as a reaction solvent; [24] [25] [26] however, they added additional ligands to stabilize the NC surface.
In this study, we report the application of rice oil (RO) as a solvent and simultaneously as a green source of capping ligands, which makes the synthesis of GdF 3 NCs low-cost and convenient. In the one-pot approach, gadolinium trifluoroacetate (GdTFA 3 ) was a single source precursor of Gd, and F. We doped GdF 3 nanocrystals with 5% Eu 3+ ions in order to make them optically active in the visible range. The advantage of Eu 3+ ions is their characteristic relationship between the optical response and the crystal field, 27 thus, we used them as a crystal field probe.
To better understand the proposed synthesis in RO, we evaluated the influence of the synthesis conditions (temperature and time) on the structural and consequently on the optical properties of Eu 3+ doped GdF 3 NCs. 
Experimental

Optical characterization
Photon Technology International Inc. systems, equipped with e.g. a flash xenon lamp and a strobe detector both coupled with monochromators, were used to observe PLE and PL spectra, and the PL decays. The absorption spectra were measured on a JASCO V-570 spectrophotometer. Infrared absorption spectra were recorded on a FTIR spectrometer (Nicolet iS10 from Thermo Fisher Scientific) equipped with an attenuated total reflectance sample holder (ATR). For every measurement a few drops of sample were deposited at the ATR crystal. To avoid sample contamination, the ATR crystal was carefully cleaned twice with cyclohexane followed by acetone and dried before the next sample deposition.
Results and discussion
Rice oil composition
RO is a commercially available natural glyceride, which contains unsaturated acids: oleic (41.0%); linolic (36.7%); and saturated acids: myristic (0.3%), palmitic (12.3%), stearic (1.8%), arachidic (0.5%), lignoceric (0.4%) and 4.6% unsaponifiable acid, mostly sterols (25%). 30 The generally accepted smoke point of RO is at B254 1C; however, due to a mixture of various acids in glycerides, its experimental determination via DSC is imperfect. On the other hand, we measured a DSC plot of glyceryl trioleate, which is the main component of RO, and we determined its smoke point at 204 1C (Fig. S1 , ESI †). We postulate that below the smoke point RO plays the role of a non-coordinating organic solvent and at higher temperature, when RO decomposes into glycerol and fatty acids, its coordinating properties are activated.
Structural characterization
The lanthanide fluorides (LnF 3 ) crystallize in trigonal and orthorhombic phases. The former is more favorable for lighter lanthanides and the latter is preferred for heavier Ln. 31 The At first, we evaluated the influence of the synthesis time on the crystal phase of GdF 3 NCs. Fig. 1 shows the XRD patterns of GdF 3 NCs prepared at 340 1C for 15, 30, 45 and 60 minutes and the suitable XRD reference of the trigonal and orthorhombic phases. Despite the presence of diffraction peaks for all investigated samples, the significant broadening of the peaks and the overlapping of multiple peaks hamper the unequivocal recognition of the crystal phase. To better evaluate the crystal phase of the synthesized NCs we simulated XRD spectra of B3.5 nm spherical NCs of the trigonal and orthorhombic phases (Fig. 1) . Based on the comparison between the simulated and measured peaks, it can be seen that the diffraction peaks above 58 degrees are hardly visible; the two peaks of the trigonal phase at B46 and B53 degrees correspond well to NCs after 15 minutes of synthesis. During the synthesis these peaks do not disappear, but are broadened and slightly shifted (e.g. 53. 31 -51.41) ; this is what we recognize as the formation of the orthorhombic phase. This is in agreement with the analysis of the peaks at 20-35 degrees. With the increase in synthesis time, the peak at B24.41 increases, while the peak at B28.61 decreases. These peaks are related to the orthorhombic and trigonal phases, respectively. Thus, we conclude that during the as-discussed synthesis of GdF 3 NCs at 340 1C the NCs are initially in the trigonal phase and evolve with time to the orthorhombic phase.
Lorbeer et al. have already shown that the crystal phase of sub-10 nm GdF 3 NCs can change from the orthorhombic to trigonal phase depending on the synthesis conditions. 33 The XRD results are supported by TEM imaging of GdF 3 NCs synthesized at various synthesis times ( Fig. 2a-d) . The TEM images present monodisperse and well separated GdF 3 NCs, which in the initial step (15 minutes) are mostly in the spherical form. The average diameter of these NCs was calculated to be B6.1 nm (Fig. 2e) . When the synthesis time is elongated, the rhombic fraction of the NCs begins to dominate in the ensemble over spherical NCs. The well-defined shape, with sharp edges and corners, suggests that the prolonged synthesis at 340 1C is associated with a thermodynamically driven growth. The confirmation can be found in the size distributions of the NCs (Fig. 2e-h ), where two groups (spherical and rhombs) of nanocrystals can be distinguished. For a synthesis time of 15 minutes the average diameter of the spherical NCs and the average edge length of the rhombic NCs were 6.1 and 7.7 nm, respectively. After 30 minutes of synthesis, the number of spherical NCs was significantly reduced and many of them were smaller (B3.9 nm). In contrast, the average size of the rhombic NCs increased. We proposed that a thermodynamically driven Ostwald ripening process was responsible for the dissolution of smaller spherical NCs and the growth of the rhombic ones. When this process was continued, the length of the rhombic NCs was 10.1 nm and 10.8 nm for 45 and 60 minutes, respectively. Simultaneously, the fraction of spherical NCs was found to be decreasing continuously. After 120 minutes of the synthesis only rhombic NCs remained (Fig. S2, ESI †) . Interestingly, only spherical NCs smaller than 5.6 nm have been dissolved. The spherical NCs of size in the range 5.6-9.4 nm remained in the ensemble even after 60 minutes of synthesis. On the other hand, there were no rhombic NCs smaller than 5.6 nm and their size was continuously increasing with synthesis time. Thus, the GdF 3 NCs in the size range 5.6-9.4 nm show a double morphology (spherical and rhombic), while smaller and bigger NCs exist only in the spherical and rhombic forms, respectively. In order to further examine the crystal phase of the NCs, we analyzed the lattice-fringes based on high-resolution TEM images, which are presented in the insets of Fig. 2a-d . These images present a single NC with a well-defined crystal lattice. Based on that, we calculated the lattice spacing to be close to 0.35 nm for all the samples, which is characteristic of the (010) plane of the orthorhombic phase. 16 On the other hand, the interplanar spacing of the (0002) layers in the trigonal phase is B0.36 nm. Thus, combining TEM and XRD results, we conclude that after 60 minutes at 340 1C most NCs crystallize in the orthorhombic phase and have the rhombic shape. However, at the earlier stages of the synthesis, the NCs are in the trigonal phase and we cannot exclude that the shape transformation is associated with the crystal phase transition. In order to confirm the role of high temperature in the shape transition of NCs, we evaluated the influence of temperature on the growth of GdF 3 NCs. TEM images of the GdF 3 NCs synthesized at various temperatures (Fig. S3, ESI †) show increasing number of spherical particles in the NC ensemble when the temperature is lowered. The NCs synthesized for 60 minutes at 340 1C are mainly of the rhombic shape, while for the sample synthesized at 255 1C spherical NCs with small admixtures of elongated particles are present in the images. Most probably, the elongated shape comes from an edge of flat, rhombic nanoparticles being self-organized into a ladder-like pattern. The morphological dualism, which depends on the synthesis temperature, seems to be thermodynamically driven. (Fig. S4 , ESI †) and those synthesized for 15 minutes at 340 1C XRD (Fig. 1) , their spectra were found to be similar. Then, a similar evolution in the XRD patterns was induced by both a higher synthesis temperature and a longer synthesis time at 340 1C when the NCs transformed from the spherical to rhombic shape.
The ladder-like pattern, like the one presented in Fig. S3a  and b (ESI †), is formed in the ensemble of nanoparticles when their surface is effectively covered with a ligand layer. 34 The distance between the NCs in the ''ladder'' was calculated to be in the range of 3.5-4.0 nm. This is in good agreement with a doubled length of a long-chain fatty acid molecule. 35 The assembly effect is strongly related to the minimization of energy and it is achieved through hydrophobic interactions of the surface ligands of the nanoparticles which are located at the largest facets. 36 This is important evidence of efficient surface passivation of NCs by ligands from RO.
FT-IR ligand analysis
The successful synthesis of NCs via wet chemistry methods requires coordinating ligands attached to the nanoparticle's surface to stabilize their dispersion in colloidal solution. Using FT-IR spectroscopy we determined the ligands related to characteristic functional groups, which are located at the surface of the GdF 3 nanocrystals due to the synthesis in rice oil. In Fig. 3 FT-IR spectra of rice oil (RO), glyceryl trioleate (GTO), oleic acid (OA), , which arises from the CQO stretching mode. In the spectra of RO the band at 1745 cm À1 is very intense, whereas the one at 1705 cm À1 is absent. Thus, the commercially available RO contains mostly triglycerides and free carboxylic acids were not detected. Moreover, the FT-IR spectra in Fig. 4a revealed that heat treatment of RO causes an increase of the carboxylic acid concentration while the concentration of triglycerides decreases in the synthesis solution. For GdF 3 NCs the bands at 1745 and 1705 cm À1 disappear and a new band centered at 1596 cm À1 appears providing direct evidence of the attachment of carboxylic acids to the nanocrystal surface. A weak band observed at 1655 cm À1 was assigned to the CQC stretching mode of the unsaturated hydrocarbon chain. Moreover, a band at 3007 cm À1 arises from C-H stretching vibrations in -HCQCH-. These bands are present in the spectra of OA and GTO as expected. However, they are also visible for RO with comparable intensity. This confirms that many of the triglycerides from RO contain unsaturated acids. However, this band is absent in the spectrum of GdF 3 NCs. Moreover, for OA, GTO and RO, two intensive bands centered at 2854 cm À1 and 2925 cm À1 are observed. They arise from symmetric and asymmetric CH 2 stretching modes, respectively. These bands are slightly shifted for PA (2848 cm À1 , 2916 cm À1 ), which is due to interaction between saturated hydrocarbon chains. 37 For GdF 3 NCs the positions of the -CH 2 stretching modes agree with those of PA. Based on the above results we proposed that despite triglycerides of unsaturated acids being the main component of RO, and the fact that a high temperature treatment of RO does not cause saturation of unsaturated acids (Fig. 4b) , the ligands at the NC surface are mostly the anions of saturated fatty acids originating from minor saturated triglycerides of RO.
Optical properties
The interesting optical properties of the investigated NCs arise from the Eu 3+ ion dopant. Based on the EDX spectra, the Eu 3+ doping level of the GdF 3 host is around B6% (Fig. S5, ESI †) .
To understand the mechanism of Eu 3+ ion excitation in GdF 3 , matrix photoluminescence excitation (PLE) spectra were recorded (Fig. 5) . The Eu 3+ emission was excited by the range of excitation bands related to the intra-orbital 4f-4f transitions. /Eu 3+ intensity ratio is roughly independent of the synthesis time (inset of Fig. 5b ). This means that the temperature of the synthesis, not the growth time, influences the energy migration from Gd 3+ to Eu 3+ ions.
The above-discussed Gd 3+ and Eu 3+ excitation peaks lie on a broad band centered at B295 nm. This band is common to all the prepared samples. Several different origins of the absorption band in the UV range are possible for the lanthanide doped fluoride nanocrystals, e.g. defect states, ligands, and charge transfer transition. [38] [39] [40] [41] [42] We proposed that, in the case of the discussed GdF 3 :Eu 3+ NCs, the broad band in the UV originates from the excitation of Eu 3+ ions via a CT transition involving Eu 3+ ions and oxygen (substitution and/or interstitial atoms) in the GdF 3 matrix. This assumption is based on the spectral broadening and the relatively high efficiency of Eu 3+ excitation via this band. This band is hardly visible in the absorption spectrum (Fig. 5b) for which a ligand absorption is the main contributor in the UV but is clearly present in the PLE spectra. The insets of Fig. 5 show the integrated intensity ratio of CT to direct Eu 3+ excitation bands (CT/Eu 3+ ). The ratio decreases with the increase in synthesis temperature, as well as with prolonged synthesis time. We interpreted this as a reduction of the number of oxygen atoms in the monocrystalline matrix. Fig. 6 shows the PL spectra of For longer times and/or higher temperatures of the synthesis, when the spherical to rhombic shape transition took place, there was no crucial change in the PL spectra. This is also unusual, since the emission properties are strongly governed by the symmetry of the crystal.
To quantitatively investigate the changes of the Eu 3+ emission bands, under different synthesis conditions, we determined the ED to MD integrated intensity ratio (ED/MD) which is a sensitive probe of the local crystal field symmetry (Fig. 6i) . In the case of direct Eu 3+ excitation, the ED/MD ratio slightly decreases from 1.2 to 1.0 with increasing synthesis temperature. In the literature, the characteristic ED/MD value for trigonal as well as orthorhombic phases is certainly below 1.0. 33 An uncommonly high ED/MD ratio agrees with the prior suggestion that oxygen is incorporated into our GdF 3 NCs and influences the optical response of Eu 3+ ions by the modification of their local crystal field.
The additional information can be extracted from the PL spectra where the CT transition at l exc = 295 nm is used to excite NCs. In this case, the ED/MD ratio is equal to 1.52 and is roughly constant for all investigated samples. In the literature, an exceptionally high ED/MD ratio was reported for very narrow EuOF nanowires with a high surface to volume ratio. 43 In our case we suggest that the CT transition excites Eu 3+ located at low symmetry sites, close to oxygen at the surface of the NCs. These surface Eu 3+ ions contribute to the high ED/MD ratio. 44 This is in agreement with the evolution of the CT/Eu 3+ excitation intensity ratio (observed for PLE in Fig. 5 ). For higher temperatures and longer synthesis times, when the shape transition of NCs takes places, the CT/Eu 3+ ratio decreases with the surface to volume ratio.
Conclusions
Herein we report a successful synthesis of sub-10 nm GdF 3 nanocrystals using rice oil as a solvent and a green source of capping ligands. Particularly, saturated acids coming from the decomposition of a triglyceride mixture were found to efficiently passivate the NC surface. After 60 minutes at 340 1C GdF 3 NCs crystallized in the orthorhombic phase and have a rhombic shape. For a lower synthesis temperature and shorter synthesis time a mixture of spherical and/or rhombic shapes was present in the NC ensemble. We associated the shape transition with thermodynamically driven annealing when the number of oxygen atoms in the crystal lattice is reduced. Furthermore, the electric dipole transition of Eu 3+ ions is significantly more probable in all synthesized GdF 3 :Eu 3+ NCs as compared to its bulk form. This is probably due to the oxygen atoms at the NC surface, which distort the crystal field 
